Intercellular communication may be regulated by the differential expression of subunit gap junction proteins (connexins) which form channels with differing gating and permeability properties. Endothelial cells express three different connexins (connexin37, connexin40, and connexin43) in vivo. To study the differential regulation of expression and synthesis of connexin37 and connexin43, we used cultured bovine aortic endothelial cells which contain these two connexins in vitro. RNA blots demonstrated discordant expression of these two connexins during growth to confluency. RNA blots and immunoblots showed that levels of these connexins were modulated by treatment of cultures with transforming growth factor-ß1. To examine the potential ability of these connexins to form heteromeric channels (containing different connexins within the same hemi-channel), we stably transfected connexin43-containing normal rat kidney (NRK) cells with connexin37 or connexin40. In the transfected cells, both connexin proteins were abundantly produced and localized in identical distributions as detected by immunofluorescence. Double whole-cell patch-clamp studies showed that co-expressing cells exhibited unitary channel conductances and gating characteristics that could not be explained by hemi-channels formed of either connexin alone. These observations suggest that these connexins can readily mix with connexin43 to form heteromeric channels and that the intercellular communication between cells is determined not only by the properties of individual connexins, but also by the interactions of those connexins to form heteromeric channels with novel properties. Furthermore, modulation of levels of the co-expressed connexins during cell proliferation or by cytokines may alter the relative abundance of different heteromeric combinations. 
Introduction
Gap junctions are formed by subunit proteins that are members of the multi-gene family of connexins (Cx). We have previously used stable transfection of non-communicating cells with individual connexins to demonstrate that they each form intercellular channels with differing gating, conductance, and permeability/selectivity properties (1, 2) . However, determining the characteristics of channels formed of individual connexins may not be sufficient to explain the properties of intercellular communication in most cells, since more than one connexin is expressed in the same cell in many, if not all, organs (including liver, heart, lens, bone, etc.).
Many of our studies have focused on cells of the vascular system which contain at least three connexins (Cx37, Cx40, and Cx43). Individually, these proteins form channels with different physiological properties (1) (2) (3) . However, these connexins have all been found within the same cell type (the endothelial cell), and in a number of cases they can be identified within the same individual cell (4) (5) (6) . The relative abundance of these connexins varies in different endothelia.
This manuscript will present some new data and review some of our published data concerning the regulation and physiology of co-expressed connexins in primary cultures of endothelial cells and in transfected cell lines.
Material and Methods
Cell culture of bovine aortic endothelial cells has been described previously (7) . Connexin mRNAs were detected by RNA blotting (4) and quantitated by scanning densitometry. Connexin proteins were detected by immunoblotting (7) or immunofluorescence (8, 9) .
Cell lines were stably transfected with Cx37 or Cx40 DNAs into the eukaryotic expression plasmids pSFFV-neo (4) or pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) and stable colonies were selected using G418 (Life Technologies, Gaithersburg, MD, USA). Cell pairs were analyzed electrophysiologically by double whole-cell patch-clamp methods as described previously (10) .
Results

Differential regulation of endogenous Cx37 and Cx43 in endothelial cells
One of the best in vitro models for the study of endothelial cells uses cultured bovine aortic endothelial cells (BAECs). Therefore, we studied the regulation of expression and synthesis of connexins in BAECs. RNA blots showed the presence of Cx37 and Cx43 in freshly isolated bovine aortic endothelium (4) and in BAECs soon after plating for cell culture (4,7). Apparently, Cx40 was absent from aortic endothelium in this species or its expression was rapidly lost with adaptation of the cells to culture.
Since prior studies had shown variations in gap junction expression and intercellular communication in endothelial cells depending on cell growth and density (11, 12) , we studied the levels of Cx43 mRNA and protein and Cx37 mRNA in cultures of BAECs under different conditions (7) . During log phase growth of subconfluent cells in culture, Cx43 mRNA was maintained at high levels; then, as cultures reached confluency, Cx43 mRNA levels fell by ~25% (Figure 1) . Levels of the Cx43 protein showed an even more dramatic decline at confluency (7) . In contrast, Cx37 mRNA was only weakly detectable until the cultures became confluent, when Cx37 levels became similar to those of Cx43 ( Figure 1) .
We have used several interventions to elucidate mechanisms of connexin regulation. Our most extensive studies have investigated the effects of the growth inhibitory cytokine TGF-ß1 on endothelial connexins. Treatment of BAEC cultures with TGF-ß1 inhibited cell growth and caused an upregulation of Cx43 expression as measured by Cx43 mRNA content or Cx43 protein content and synthesis (7) . Further experiments suggested that these changes were due to increased Cx43 transcription and translation as well as decreased protein degradation. In contrast, TGF-ß1 treatment had a different effect on Cx37; it abolished the increase of Cx37 mRNA seen in control cultures, maintaining Cx37 mRNA at constant low levels (7). Thus, treatment with this cytokine could modulate the relative levels of Cx37 and Cx43 ( Figure 2 ).
Heteromeric mixing of Cx37 or Cx40 with Cx43 in transfected cells
Co-expression of multiple connexins in a single cell leads to the possibility of mixing of connexins within a single gap junction hemi-channel, forming "heteromeric" connexons. The formation of heteromeric hemichannels would allow the formation of a large number of channels beyond that possible by formation of only homomeric connexons containing a single connexin. Two co-expressed connexins could form 14 different hemi-channels, leading to the potential for making 196-gap junction channel types in a coupled pair of co-expressing cells (10) . Heteromeric mixing of three co-expressed connexins would lead to correspondingly more possible channels.
The existence of heteromeric connexons is supported by biochemical studies using mammalian liver or lens (13, 14) .
To examine the mixing of the connexins from endothelial cells and their ability to form heteromeric channels, we studied coexpressed connexin pairs in stably transfected cells. In some experiments, communication-deficient cells (Neuro2A or HeLa) were sequentially transfected with Cx43 and Cx37 (10) or Cx43 and Cx40 (Gemel J and Beyer EC, unpublished data) using two different selectable markers. The co-transfected cells were analyzed using the double wholecell patch-clamp technique. Unlike cells expressing only a single connexin which exhibit a predominant unitary conductance, many single channel sizes were detected in Culture duration (days) the co-transfectants. In addition, in Cx43/ Cx37 cell pairs, the voltage-dependent decrease of the normalized conductance was shifted to higher voltages than observed with homotypic or heterotypic connexin combinations (10). Thus, both unitary conductance and voltage-dependent gating data suggested heteromeric mixing of connexins. We have extended these studies using stable transfection of normal rat kidney (NRK) cells. NRK cells abundantly express Cx43, and are one of the most widely used systems for studies of the biochemistry and cell physiology of that connexin. To examine possible interactions of Cx37 or Cx40 with Cx43, we transfected NRK cells with human Cx37 cDNA (9) or rat Cx40 and selected stable clones using G418. RNA blot hybridization and immunoblotting demonstrated that the transfected cells abundantly expressed the transfected connexin as well as Cx43. The co-expressed connexins localized to identical distributions as demonstrated by immunofluorescence ( Figure 3 ) and double-label experiments showed an exact correspondence of the connexin immunoreactivities (9) .
We also performed electrophysiological analyses of the co-expressing NRK cells using the double whole-cell patch-clamp technique. Data obtained from these cells were compared to data derived from parental NRK cell pairs. Weakly coupled cell pairs allowed the observation of single channel events. In experiments using a pipette solution containing 180 mM CsCl, the conductance of Cx43 channels in the parental NRK cells was 115 pS. However, in the Cx37/Cx43 or Cx40/Cx43 co-expressing cells no single channel size was predominant; rather, multiple unitary conductances were observed. For example, in the brief recording periods shown for NRK/Cx40 cells (Figure 4 ) channel events of 11, 32.5, 57.7, 82.5 and 87.5 pS were seen.
The voltage-dependent gating behavior also differed between single connexin-expressing cells and the co-expressing NRK transfectants. Homotypic pairs of cells expressing Cx37/Cx37 pairs (N2A/Cx37 (10)) or Cx40/Cx40 (N2A/Cx40, Figure 5 , middle panel) showed a strong voltage dependence, and pairs of cells expressing Cx43/Cx43 (NRK, Figure 5 , top panel) showed a weak voltage dependence. Heterotypic pairs showed a voltage-dependent asymmetry in transfected cells (10) or Xenopus oocytes. In contrast, the data from pairs of cells coexpressing Cx43 and Cx37 (10) or Cx43 and Cx40 (NRK/Cx40, Figure 5 , bottom panel) . Cells were simultaneously reacted with mouse anti-Cx43 and rabbit anti-Cx40 antibodies followed by FITC-conjugated goat anti-mouse and CY3-conjugated goat anti-rabbit secondary antibodies. Cx43 was detected at appositional membranes of both the parental and transfected NRK cells (A,C). Anti-Cx40 antibodies showed only background reactivity with the parental NRK cells (B); but, in the NRK/Cx40 cells, the introduced Cx40 was detected in an identical distribution to the endogenous Cx43 (compare C and D), suggesting that gap junctions in these cells contain both connexins.
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were much more scattered, and the voltagedependent decrease of the normalized conductance was shifted to higher voltages. Taken together with our previously published results (9, 10) , these data provide strong electrophysiologic evidence for heteromeric mixing of either Cx37 or Cx40 with Cx43.
Discussion
Endothelial cells contain multiple connexins both in vivo and in vitro. Our cultured BAEC experiments have demonstrated that the absolute levels of at least two of these connexins (Cx37 and Cx43) as well as the ratio of one to the other can be modulated by physiologically relevant conditions including growth to confluency and treatment with the cytokine TGF-ß1. Furthermore, we have shown strong evidence that in transfected cells the endothelial cell connexins (Cx37, Cx40, and Cx43) can form heteromeric channels with differing properties from the channels formed by individual connexins. Similarly, He and colleagues (15) recently suggested that Cx43 and Cx40 could form heteromeric gap junction channels in vascular smooth muscle cells. It is apparent that many different heteromeric mixtures must form functional channels in the Cx43/Cx37 or the Cx43/Cx40 co-expressing cells. The abundance of different heteromeric forms would be altered by changes in the ratios of the coexpressed connexins providing a mechanism for physiologic modulators to affect intercellular communication.
Our new data suggest the need for reevaluating the conclusions of some prior studies of connexin mixing. Several investigators have concluded that Cx40 and Cx43 are unable to form heterotypic gap junctional channels, since no significant intercellular conductance was detected when a Xenopus oocyte expressing Cx40 was paired with an oocyte expressing Cx43 (16) . The extrapolation that Cx40 and Cx43 are entirely incompatible is disputed by the data suggesting that Cx40 and Cx43 can form heteromers. The heteromeric condition is likely to have far more physiological significance than the heteromeric case, since there may be many cells (e.g., some endothelial cells or atrial myocytes) that co-express Cx40 and Cx43 while a potential heterotypic encounter could only occur at the as yet undiscovered site where a cell expressing only Cx40 meets one expressing only Cx43.
